The diffusion of hydrogen and deuterium monomers on hole-doped graphene (a planar graphitic lattice), the outside wall and the inside wall of hole-doped (6, 0) single-walled carbon nanotubes (a curved graphitic lattice) was investigated using density functional theory and density functional perturbation theory. The jump frequencies for the over-barrier transition and phonon-assisted quantum tunneling were calculated by transition state theory and small-polaron theory, respectively. The effects of the local curvature of the surface and the hole doping on the thermodynamic and kinetic properties of a hydrogen monomer on these graphitic lattices are discussed. Our results demonstrate that it is sufficient to judge the diffusional mobility of a hydrogen monomer on graphitic lattices from just the over-barrier transition, no matter how much it is curved and hole doped, while the quantum tunneling can be safely neglected because it is significantly suppressed by the covalent bonding of hydrogen with the graphitic lattice.
Introduction
The promising applications of hydrogenated graphene and carbon nanotubes (CNTs) in nanoelectronic devices and hydrogen storage [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] make it important to study the thermodynamic and kinetic properties of hydrogen adatoms on graphitic lattices. The mechanisms of interaction between hydrogen and graphitic lattices can be learned from their thermodynamic and kinetic properties.
Graphene is a planar graphitic lattice at 0 K, while CNTs are curved graphitic lattices. In addition, the graphene layers grown on substrates present a spatial distribution of local curvatures [19] [20] [21] , and thermal fluctuations will also result in intrinsic ripples in free standing graphene layers [22, 23] . The chemisorption of hydrogen is influenced by the local curvature of the graphitic lattice [16, 18] . It is also feasible to use CNTs as structural models to study the effect of local curvature on the thermodynamic and kinetic properties of the hydrogen adatoms on the graphitic lattice, and the quantum confinement of electrons only results in minor modification of the chemisorption properties of hydrogen on CNTs [16] . In addition to the curvature of the graphitic lattice, charge doping of the graphitic lattice is another ubiquitous phenomenon. Charge doping can be realized in surface-supported graphitic lattices [20, 21, [24] [25] [26] , intercalated graphite compounds [27] [28] [29] , gated graphitic lattices [30, 31] , and metallic-atom adsorbed graphitic lattices [32, 33] . We have studied the thermodynamic and kinetic properties of hydrogen monomers on charge-doped graphene layers [34] , and found that the stability of the chemisorption state of a hydrogen monomer on graphene can be enhanced by both electron doping and hole doping, and the diffusion potential barrier for a hydrogen monomer can be increased by electron doping but decreased by hole doping. Hydrogen monomers will become quite diffusive on graphene under hole doping. Consequently, there arises doubt about whether quantum tunneling of a hydrogen monomer on the graphitic lattice will be observed under hole doping. The quantum-tunneling diffusion of light adsorbates on surfaces is an elementary physical phenomenon that has interested scientists for a long time [35] [36] [37] [38] [39] [40] [41] [42] [43] .
In this paper, the effects of local curvature of the surface and hole doping on the diffusion of hydrogen monomers on the graphitic lattice were investigated theoretically. Graphene and (6, 0) single-walled CNTs (SWCNTs) were used as structural models for planar and curved graphitic lattices. The electronic energies and vibrational frequencies were calculated using density functional theory (DFT) and density functional perturbation theory (DFPT), respectively. The jump frequencies for the over-barrier transition and quantum tunneling were calculated by quantum-mechanically modified harmonic transition state theory and small-polaron theory, respectively. The results imply that it is sufficient to judge the diffusional mobility of hydrogen monomers on graphitic lattices just from the over-barrier transition, and quantum tunneling can be safely neglected.
Methodology
The jump frequency of the over-barrier transition can be calculated by quantum-mechanically modified harmonic transition state theory (hTST) [44] [45] [46] [47] , which is expressed as [48] 
where N is the number of the atoms in the system; ω I i and ω S i are the real vibrational frequencies of the ith mode in the initial (reactant) and saddle-point (transition) states, respectively;n T (ω i ) is the bosonic phonon occupation number of the ith mode; E ac is the activation energy; V is the potential barrier in the reaction path ( figure 1(a) ); F vib (0) is the vibrational zero-point energy (ZPE) correction; v * qm is the quantum-mechanically modified prefactor as defined in this equation; and E ac is the ZPE corrected potential barrier as defined in this equation.
At low temperatures, the diffusion of a hydrogen monomer may be dominated by quantum tunneling, where transition state theory is invalid. To describe the quantum tunneling of a hydrogen monomer on a graphitic lattice, the Flynn-Stoneham model [37, 49] for phonon-assisted quantum tunneling was used, which is based on small-polaron theory [35] with the jump frequency
where J QT is the tunneling matrix element and E c is the ZPE corrected coincidence energy [42, 50, 51] in the form
Here, V c is the coincidence energy ( figure 1(a) ), which is the additional energy needed to transform the configuration of the system from the fully relaxed chemisorption state (self-trapped state) to the coincidence state and F c (0) is the ZPE correction, the ZPE energy difference between the self-trapped state and the coincidence state.
In the over-barrier transition of a hydrogen monomer on a graphitic lattice, the reactant and product states in the diffusion path are self-trapped states ( figure 2(a) ), and the carbon atoms in the graphitic lattice are fully relaxed concurrently with the moving hydrogen atom. However, in the quantum tunneling, as described by small-polaron theory, the Born-Oppenheimer approximation [52] is applied to decouple the motions of the tunneling particle and the matrix. The configuration of the matrix is thought to be frozen in the coincidence state during the tunneling of the particle [35, 37] . Based on Stoneham's analysis [37, 49] , it can be deduced that if the graphitic lattice is harmonic, the configuration of the coincidence state is approximately obtained by averaging the carbon positions in the reactant and product states. V nn is defined as the increase of potential energy when a hydrogen monomer is moved from its initial site in the reactant state to the nearest-neighbor site while the configuration of the graphitic lattice is frozen as in the reactant state [51, 53] . The harmonicity of the graphitic lattice can be verified if the ratio V c /V nn is close to 1/4, which also strongly indicates the validity of the linear coupling model used in small-polaron theory [35, 51, 53] .
To estimate J QT , a simple one-dimensional WKB approximation [54] is applied:
where m H is the mass of the hydrogen atom; m * is the effective mass of the hydrogen monomer during tunneling;
is the effective attempt frequency of the hydrogen monomer with mass m * at the potential minima (±x min ); x is the coordinate along the tunneling path; V * (x) is the tunneling barrier, the height of which is V * ( figure 1 (a) ); ε 0 (T) is the particle energy at temperature T; and ±x 0 are the turning points where V * (±x 0 ) = ε 0 (T) ( figure 1(b) ). ε 0 (T) is expressed as
which is the vibrational internal energy of the tunneling particle at the potential minima with a frequency of
Because of the tunneling of the particle, two nearest localized states with energy of ε 0 will be split into two delocalized states, a symmetric (S) state and an asymmetric (A) state ( figure 1(b) ). The energy separation between the A and S states is 2J QT . It is obvious that x 0 and J QT are temperature dependent. The tunneling hydrogen monomer couples with the graphitic lattice, thus the bare monomer mass should be renormalized. The effective masses of hydrogen and deuterium monomers are expressed as [40, 55] 
where m is the mass correction to the hydrogen monomer, which was estimated from the ratio between the frequencies of the imaginary modes for hydrogen and deuterium monomers in the tunneling saddle-point state (α = ω * D /ω * H ). The displacement of the hydrogen monomers in these imaginary modes is along the tunneling coordinate. From the isotope effect, there should be
then m is expressed as
If the coupling between the diffusing adatom and the matrix lattice could be ignored, another well known and convenient method, traditional quantum TST (zero damping), could be used to describe the quantum-tunneling diffusion [56, 57] . However, the hydrogen adatom covalently bonds with the carbon lattice, and always drags the matrix lattice during its diffusion. This coupling makes the diffusion of the hydrogen adatom resemble that of a small polaron, and will profoundly decrease the tunneling rate of the adatom [57] . It will also result in significant values of the coincidence energy and large mass renormalization, which will be shown in this work. This is the reason why the small-polaron theory was used here. Furthermore, the accuracy of this approximation method is typically within two orders of magnitude when compared with experimental measurements [42, 58] , which will not affect the qualitative conclusion in this work.
In this paper, the DFT and DFPT calculations were carried out using the Quantum ESPRESSO code package [59, 60] . The z direction was defined to be perpendicular to the graphene layer or to be along the axial direction of the SWCNT. The periodic graphene supercell is 5 × 5 times the graphene unit cell (50 carbon atoms) with a 10Å vacuum along the z direction. The periodic (6, 0) SWCNT supercell is three times the (6, 0) SWCNT unit cell (72 carbon atoms) with the lattice constant of the supercell along the x (y) direction being 14Å. A hydrogen monomer was allowed to be adsorbed and diffuse on a graphene supercell, as well as on either the inside or the outside walls of a (6, 0) SWCNT supercell (figure 2). The electronic exchange-correlation energy was described by the PBE [61] ultrasoft [62] pseudopotential. The energy cutoffs for wavefunction and charge density were 35 and 350 Ryd, respectively. The k-point grids were taken to be 4 × 4 × 1 for the graphene supercell and 1 × 1 × 4 for the (6, 0) SWCNT supercell. The Methfessel-Paxton smearing technique [63] with an energy width of 0.03 Ryd was used. In DFT simulation, hole doping was realized by adding to the supercell's positive charges which were compensated by a uniform negative-charged background. This theoretical treatment is expected to be close to realistic situations 3 , and at one doping density the calculated relative energies (adsorption energy and potential barrier) are accurate. Both the diffusion paths of the hydrogen monomer in the over-barrier transition and the quantum tunneling were described by the minimum energy paths (MEPs) between two local minimum states. The MEPs were calculated using the climbing-image nudged elastic band method [64] . The graphitic lattice was fully relaxed concurrently with the moving H monomer in the over-barrier transition, but was frozen in the coincidence state in the quantum tunneling. To calculate the vibrational frequencies of the hydrogenated graphitic lattices, only the point at the Brillouin zone center was selected.
Results and discussion
The adsorption energy of the hydrogen monomer on a graphitic lattice was defined to be the energy difference between the totally desorbed state and the chemisorbed state, which is expressed as
where E H , E gl and E gl+H are the total energies of a hydrogen atom, a graphitic lattice and a graphitic lattice with a chemisorbed hydrogen monomer on it, respectively. The E ads s values for the hydrogen monomer on neutral and hole-doped graphene layers (GL), the outside wall (CNT-out) and the inside wall (CNT-in) of neutral and hole-doped (6, 0) SWCNTs are shown in figure 3. The structure and E ads (0.89 eV) for the hydrogen monomer on neutral GL are consistent with other experimental and theoretical results, which have been described in detail in our previous paper [48] . The E ads (2.25 eV) and the C-H bond length (1.11Å) for the hydrogen monomer on neutral CNT-out are consistent with Yang's results (∼2.4 eV and 1.11Å) [66] , and the value of |E ads (CNT-out) − E ads (GL)| (1.36 eV) is also consistent with other theoretical results (∼1.4 eV) [16, 18] . The E ads s exhibit a trend of E ads (CNT-out) > E ads (GL) > E ads (CNT-in), which is mainly related to the effect of the surface curvature on the degree of the sp 3 hybridization of the hydrogen-bonded carbon atom [18, 65] . The degree of sp 3 hybridization can be measured by the closeness of the HCC angle to the tetrahedral bond angle of 109.5 • . The average HCC angles are 103.3 • , 108.3 • and 92.4 • for the neutral hydrogenated 3 The neighboring periodic images of a graphene (CNT) supercell could be divided into two groups: the inter-layer (inter-tube) (mediated by a vacuum) and the lateral intra-layer (axial intra-tube) neighboring images. First, according to the Gaussian theorem in electrodynamics, the Coulomb interaction between hole-doped inter-layer (inter-tube) images is screened out by the homogeneous compensating background electrons. Second, the Coulomb interaction between the lateral (axial) neighboring images still exist, and only that between large-distance images is screened out by the background electrons. This is somewhat close to realistic situations, because in realistic situations electrons will feel the Coulomb interaction with the nearby surface charges in a charged graphene layer (or carbon tube), and the Coulomb interaction with large-distance surface charges will be screened out by the environment (e.g. the substrate). GL, CNT-out and CNT-in, respectively ( figure 2(a) ). The variational relationship of HCC with local curvature is the same under hole doping. Thus, the degree of sp 3 hybridization is greatest in hydrogenated CNT-out, followed by those in hydrogenated GL and CNT-in. Consequently, E ads (CNT-out) is the largest, followed by E ads (GL) and E ads (CNT-in). In addition, the strength of the π bond in (6, 0) SWCNT is less than that in graphene due to the intrinsic curvature of CNTs [18] . Thus, it costs less energy to break a π bond in a (6, 0) SWCNT than in GL. Although the weakening of the π bond tends to increase E ads [18, 34] , it is just a minor effect compared with the curvature effect. The rate of increase of E ads (GL) with the doping-hole density (σ h ) is larger than those of E ads (CNT-out) and E ads (CNT-in). And the increase of E ads with σ h is due to the weakening of the π bond by hole doping [34] . It costs less energy to break a π bond under heavier hole doping. However, the π bond in the (6, 0) SWCNT is weaker and contributes less to E ads than that in GL, which makes E ads (CNT-out) and E ads (CNT-in) less dependent on σ h than E ads (GL), and the rates of increase of the former two with σ h are less than that of the last one.
The hydrogen monomer on graphene-a planar graphitic lattice
There are three equivalent paths for the diffusion of a hydrogen monomer on planar GL ( figure 2(b) ). The variation of V, V * , V c and V nn /4, the potential parameters determining the diffusion properties, with respect to σ h is shown in figure 4(a) . The V value for the neutral case (1.04 eV) is consistent with many theoretical results and experimental measurements, which have been described in detail in our previous paper [48] . V and V * both decrease with increasing σ h , which is related to the promotion of electron transfer from a hydrogen monomer to GL at the saddle-point states by hole doping [34] . V c and V nn also decrease with increasing σ h , which is due to the decrease of the strain of GL (the protrusion height of the hydrogen-bonded carbon atom) with increasing σ h [34] . V c is very close to V nn /4, thus, the (hydrogenated) graphene lattice preserves quite good harmonicity even down to the atomic scale. This is strong evidence that it is valid to use the linear coupling approximation in small-polaron theory [35, 51, 53] and that it is valid to construct the graphitic-lattice configuration of the coincidence state for quantum tunneling by averaging the graphitic-lattice configurations of the reactant and product states of the over-barrier transition [37, 49] . If this approximate method of constructing the coincidence state still overestimates V c , and the value of − |V c −V nn /4| 2 (∈ (−0.03, 0.0) eV) is taken as the numerical error, by equations (2) and (3) this magnitude of correction to V c only increases v QT by one order of magnitude, which will have no influence on our qualitative conclusion below. The numerical error of V * is expected to compensate that of V c , because it is harder for a diffusing atom to escape from a bonding site in a lower-energy state. Thus, the accuracy of the approximate method used in this work is protected by both the good harmonicity of the carbon lattice and the error compensation mechanism, which is the same for the tunneling of hydrogen on a CNT. Table 1 lists the ZPE correction to the potential barrier of the over-barrier transition ( F vib (0)) and to the coincidence energy for the quantum tunneling ( F c (0)) of a hydrogen (deuterium) monomer on doped GLs, the mass correction to a hydrogen (deuterium) monomer for quantum tunneling ( m) and the attempt frequency for tunneling (v 0 J ). Both F vib (0) and F c (0) decrease with increasing the mass of the hydrogen monomer. This isotope effect will result in the same isotope effect in the jump frequencies of the over-barrier transition and quantum tunneling by equations (1)
-(3).
F vib (0) generally decreases with increasing σ h , and both m and v 0 J also decrease with increasing σ h . The decrease of F vib (0) and v 0 J with increasing σ h is due to the decrease of the curvature of the potential-energy surface (PES) by hole doping, which is exhibited by the decrease of V and V * with increasing σ h in figure 4(a) . The decrease in the curvature of the PES will result in a decrease in the frequency of the effective vibration for the diffusion, whose ZPE equals F vib (0) [34] . The decrease in V and V * due to hole doping indicates that diffusion of the hydrogen monomer will be less blocked by interaction from the graphitic lattice. Thus, the mass renormalization ( m) is reduced by hole doping, just like the effective mass for electrons in solids. The calculated tunneling matrix element J QT at 0 K for a hydrogen (deuterium) monomer is shown in figure 4(b) . The values at finite temperatures (<300 K) are very close to those at 0 K (not shown). J QT decreases dramatically with increasing monomer mass due to the mass dependence of J QT equation (4) . The J QT for a hydrogen monomer at each hole density is more than 100 times larger than that for a deuterium monomer. The hole doping will increase J QT , because of the lowering of V * (x) ( V * ) equation (4) . In addition to the over-barrier transition, the quantum tunneling opens another diffusion channel to the hydrogen monomer; thus the total diffusion jump frequency can be approximately expressed as [45] 
The crossover temperature T c is defined when v hTST (T c ) = v QT (T c ). v hTST plays a dominant role above T c , while v QT determines v tot below T c . Both v hTST and v QT will increase with σ h due to the decrease of V, V * , and V c (by equations (1), (2) and (4)). They will also decrease with increasing the (effective) monomer mass. The isotope effect in v hTST is due to the isotope effect in F vib (0) (by equation (1)), and the isotope effect in v QT is due to isotope effects in F c (0) (by (2) and (3)) and J QT (by (4)). The calculated v tot and T c for the diffusion of a hydrogen monomer on hole-doped GLs is shown in figure 5 . T c decreases from 116 K (93 K) to 67 K (54 K) for the diffusion of a hydrogen (deuterium) monomer with increasing σ h from 0.0 to 15 × 10 13 cm −2 ( figure 5(b) ). This is because the rate of decrease of V is larger than that of V c with increasing σ h ( figure 4(a) ), which results in v hTST increasing more rapidly than v QT with σ h . Thus, T c decreases with increasing σ h . However, v QT is very small (<10 −19 s −1 ) at temperatures below T c at any doping-hole density, and thus no classical-to-quantum crossover can be observed in v tot even down to 10 −6 s −1 . Thus, although in principle the diffusion of a hydrogen monomer on a doped GL is dominated by quantum tunneling at low temperatures, in practice it is sufficient to judge the diffusional mobility of a hydrogen monomer on GL just from the value of v hTST . The classical-to-quantum crossover has also not been observed in a path-integral molecular-dynamics simulation for the diffusion of hydrogen on neutral graphene [12] .
A hydrogen monomer on (6, 0) SWCNT-a curved graphitic lattice
The intrinsic curvature of a (6, 0) SWCNT makes the diffusion path along the axial direction (first path) inequivalent to the other two paths (second path) ( figure 2(b) ). The variation of the potential parameters ( V, V * , V c , and V nn /4) to the first and second paths for the hydrogen monomer on the outside wall of a (6, 0) SWCNT (CNT-out) with respect to σ h shown in figures 6(a) and (b) decreases with increasing σ h , as for a hydrogen monomer on GL. However, their rates of decrease are less than those for a hydrogen monomer on GL. This is because the strength of the π bond in the graphitic lattice decreases with increasing σ h [34] , and the weakening of the π bond by the intrinsic curvature of the (6, 0) SWCNT makes these energies less dependent on the strength of the π bond than those for the monomer on GL, for the same reason as the variations of the E ads s in figure 3 . The fact that V c is very close to V nn /4 indicates the perfect harmonicity of the (6, 0) SWCNT. Although the values of V c are comparable with those for a hydrogen monomer on hole-doped GLs ( figure 4) , the values of V * are much larger than those for a hydrogen monomer on hole-doped GLs. This means that hydrogen monomers have much smaller v QT on CNT-out than on GL. Thus, the quantum tunneling of a hydrogen monomer on CNT-out can be totally neglected. The calculated ZPE corrections for the first-and second-path transitions of hydrogen and deuterium monomers are listed in table 2. F vib (0) decreases with increasing σ h or the monomer mass. The variational relationships of these F vib (0)s with respect to σ h or the monomer mass are the same as those for a hydrogen monomer on GL for the same reasons.
The jump frequency v hTST s for the first-and second-path transitions of hydrogen and deuterium monomers on CNT-out are shown in figures 7(a) and (b), respectively. The isotope effect in v hTST is obvious, due to the isotope effect of F vib (0) in table 2. For the first-path transition, the order of magnitude of v hTST at various σ h s alternates with increasing temperature. At temperatures below 410 K (1000/T = 2.43), v hTST increases with σ h , while at higher temperatures the variation is different. This is because that v hTST is less dependent on E ac at higher temperatures (by equation (1)), and the rate of decrease of E ac (or V) with increasing σ h is rather small. In this case, the variation of the prefactor v * qm determines the relative magnitude of v hTST (equation (1) The v hTST for the first-path transition is much larger than the corresponding value for the second-path transition, thus the second-path transition is the rate-limiting step for the diffusional mobility of a hydrogen monomer on CNT-out.
The potential parameter V nn is obtained from the increase in the potential energy when hydrogen moves from the initial site to the nearest-neighbor site with the graphitic lattice frozen as in the initial state. For a hydrogen monomer on the inside wall of a (6, 0) SWCNT (CNT-in), V nn generally cannot be obtained, because it is not locally stable for a hydrogen monomer adsorbed at the nearest-neighbor site with the configuration of the (6, 0) SWCNT lattice frozen as in the reactant state. However, the validity of the harmonicity of the hydrogenated graphitic lattices discussed above makes it certain that the (6, 0) SWCNT lattice with a hydrogen monomer on the inside wall should also be perfectly harmonic. The potential parameters ( V, V * and V c ) for the first and second diffusion paths decrease with increasing σ h (figures 8(a) and (b)), which is the same as those for a hydrogen monomer on GL and CNT-out. For first-path diffusion, the coincidence energy V c is much larger than the classical potential barrier V, which means the activation energy for the quantum tunneling is much larger than that for the over-barrier transition. Thus quantum tunneling can definitely be neglected for the diffusion of a hydrogen monomer on CNT-in, where the smallness of V * does not make any qualitative difference. The ZPE corrections ( F vib (0) and F c (0)), the mass-renormalization correction ( m), and the attempt frequency (v 0 J ) for the diffusion of a hydrogen (deuterium) monomer are listed in table 3, where only F vib (0) is necessary for first-path diffusion. The isotope effect in the ZPE corrections ( F vib (0) and F c (0)) is the same as those for a hydrogen monomer on GL and CNT-out.
F vib (0) for the first-path transition generally decreases with increasing σ h , the same as for a hydrogen monomer on GL and CNT-out and for the same reason. However, F vib (0) for the second-path transition does not decrease monotonically with increasing σ h . This means that the variation of F vib (0) with σ h in this case cannot be qualitatively predicted simply from the variation of the curvature of the potential barrier. The calculated J QT for the second-path tunneling of a hydrogen (deuterium) monomer on CNT-in (figure 8(c)) increases with σ h and decreases with increasing monomer mass, the same as for a hydrogen monomer on GL. However, J QT (CNT-in) is larger than J QT (GL), because, as seen from figures 4 and 8, the tunneling barrier V * (CNT-in) is lower than V * (GL) (by equation (4)).
The jump frequency v hTST for first-path diffusion, as well as v hTST and v QT for second-path diffusion of a hydrogen (deuterium) monomer on hole-doped CNT-in is shown in figure 9 . The isotope effects of v hTST and v QT are the same as those of a hydrogen monomer on GL and CNT-out for the same reasons. v hTST for the transitions along these two paths and v QT for second-path tunneling both increase with σ h , due to the decrease of E ac and E c with increasing σ h by equations (1) and (2), respectively. However, for second-path diffusion, v QT is much smaller than the corresponding v hTST at temperatures down to 50 K, at which the hydrogen monomer should be at rest because v tot is very small (<10 −8 s −1 ). v hTST for the first-path transition is much larger than that for the second-path transition; thus the second-path transition is the rate-limiting step for the diffusional mobility of a hydrogen monomer on CNT-in, which is the same as that for a hydrogen monomer on CNT-out.
Comparing the jump frequencies v hTST in figures 5, 7, and 9, the order of the diffusional mobility of a hydrogen monomer is CNT-in > GL > CNT-out, which is due to the curvature effect or the degrees of sp 3 hybridization. Because, as discussed above, a more sp 3 -hybridized carbon atom (CNT-out > GL > CNT-in) bonds more strongly with hydrogen, which makes the potential barrier V larger (CNT-out > GL > CNT-in) and the diffusion of the hydrogen monomer harder.
Conclusions
The diffusion of hydrogen and deuterium monomers on hole-doped graphene, the outside wall and the inside wall of a hole-doped (6, 0) single-walled carbon nanotube, which are the simulation models for either planar or curved graphitic lattices, has been investigated theoretically. The over-barrier transition and quantum tunneling of hydrogen and deuterium monomers have been simulated using quantum-mechanically modified harmonic transition state theory and small-polaron theory, respectively. The effects of surface curvature and hole doping on the diffusional mobility of hydrogen monomers on these graphitic lattices have been inspected. The difference in the surface curvature can result in a difference in the degree of sp 3 hybridization of the carbon atoms in these graphitic lattices, and thus a difference in the adsorption energies of a hydrogen monomer on these graphitic lattices (E ads (CNT-out) > E ads (GL) > E ads (CNT-in)). The surface curvature and hole doping both tend to weaken the π bond. The potential parameters for the diffusion of a hydrogen monomer on these graphitic lattices ( V, V * , V c , and V nn /4) all decrease with increasing σ h , and the rates of decrease of these energies for a hydrogen monomer on the outside and inside walls of a (6, 0) SWCNT are less than those for a hydrogen monomer on graphene. This could be explained by the weakening of the π bond by the surface curvature making E ads (CNT-out) and E ads (CNT-in) less dependent on the strength of the π bond than E ads (GL). The calculated v hTST and v QT both decrease with increasing monomer mass, and generally increase with σ h . There are three equivalent diffusion paths for a hydrogen monomer on GL. However, the curvature of a (6, 0) SWCNT makes the diffusion path along the axial direction inequivalent to the other two paths, and the diffusion along the latter is the rate-limiting step for the diffusional mobility of a hydrogen monomer on the outside and inside walls of a (6, 0) SWCNT. The difference in the curvature (degree of sp 3 hybridization) of the graphitic lattice results in the order of the diffusional mobility of the hydrogen monomer of CNT-in > GL > CNT-out. Although in some cases the quantum tunneling will dominate over the over-barrier transition of hydrogen and deuterium monomers on hole-doped graphitic lattices at T < T c , v QT s are found to be so small that the quantum-tunneling phenomenon can be neglected safely.Thus, it is sufficient to judge the diffusional mobility of the hydrogen monomer on a graphitic lattice just from the over-barrier transition.
